A cDNA clone derived from the altA locus, encoding one of several a-tubulins in Physarum, was sequenced and used to determine the developmental and cell cycle expression patterns of its corresponding gene. The predicted amino acid sequence of the altA gene product, alA-tubulin, is 92% identical to the other known Physarum a-tubulins, alB and a2B, which are products of two tightly linked genes at the altB locus. The nucleotide sequence of the altA coding region is 82 YO identical to the two altB genes. Expression of the altA gene was found in all three cell types examined -amoeba, flagellate and plasmodium -but at substantially different levels in each. The peak level of altA message detected in flagellates was 14-fold higher than in amoebae, while the peak level in plasmodia was 5-fold lower than in amoebae. The expression pattern of altA and the predicted amino acid sequence of the a-tubulin it encodes suggest that alA is the substrate for post-translational acetylation, giving rise to the a3-tubulin isoform found specifically in amoebae and flagellates. Northern blot analysis of plasmodia1 RNA samples from specific times in the cell cycle showed that the level of altA message varies over the cell cycle in a pattern similar to transcripts from other tubulin genes, with a peak at mitosis and little or no message detected during most of interphase.
Introduction
Microtubules are structural filaments found in virtually all eukaryotic cells. A diverse array of structures, including mitotic and meiotic spindles, centrioles, flagellar and cilia1 axonemes, and the cytoskeleton, are composed of microtubules. The primary subunit of microtubules is a heterodimer of a-and P-tubulin. Most eukaryotes possess families of genes encoding a-and Ptubulin (reviewed by Cleveland & Sullivan, 1985; Little & Seehaus, 1988; Sullivan, 1988; Murphy, 1991) . These multigene families range from isocoding to highly divergent. For example, the three known a-tubulin genes of the protist Naegleria gruberi encode identical proteins (Lai et al., 1988) , while the a1 and a4 genes of Drosophila melanogaster encode a-tubulins with only 67 % amino acid sequence identity (Theurkauf et al., 1986) . The size of tubulin gene families is also variable. Thus, the genome of the budding yeast Saccharomyces cerevisiae * Author for correspondence. Tel. (608) 262 0982; fax (608) 262
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encodes two a-tubulins and one P-tubulin, the Drosophih genome includes four a-tubulin and four P-tubulin genes, and the chicken possesses six a-tubulin and seven ptubulin genes, each giving rise to a different tubulin isoform (Sullivan, 1988) . While some isoforms are found constitutively throughout the life cycle of an organism, others are expressed in spatially and temporally restricted patterns.
The variety of microtubular structures, tubulin isoforms and distinct patterns of isoform distribution have prompted speculation as to the functional significance of multiple tubulins within an organism. To encode tubulin in multigene families, as opposed to a single gene, may favour evolutionary survival in three ways: first, by allowing functional specialization of individual isoforms for particular microtubular structures (Fulton & Simpson, 1976) ; second, by facilitating complex patterns of tubulin gene expression over the cell cycle, in development and under varying environmental conditions (Raff, 1984) ; and third, by allowing for large amounts of tubulin to be synthesized rapidly through simultaneous expression from multiple genes. To what degree, if any, do each of these factors contribute to the ubiquity of tubulin multigene families among eukaryotes ? We have 0001-7591 @ 1993 SGM explored this question by investigating the tubulin multigene family of the myxomycete Physarum polycephalum.
In Physarum, the tubulins are encoded by three ptubulin genes and at least three, but perhaps as many as five, a-tubulin genes (Schedl et al., 1984b) . The sequence and developmental expression patterns of most of these genes have been analysed by genetic and molecular methods (reviewed in Sullivan, 1988) .
The life cycle of Physarum includes several distinct cell-types, employing a number of microtubular structures. The amoeba is a haploid, uninucleate, proliferative cell that includes cytoplasmic microtubules, centrioles and an astral mitotic spindle. Amoebae can be induced to develop reversibly into flagellates -non-dividing cells with two anterior flagella. Amoebae of appropriate mating types may undergo irreversible, heterothallic development, giving rise to a diploid, syncytial plasmodium that is able to grow to indefinite size. Plasmodia1 nuclei undergo closed, or intranuclear, mitosis in natural synchrony. Several previous investigations were unable to detect cytoplasmic microtubules in the mature plasmodium, and it has been widely held that the mitotic spindle is the only microtubular structure in the plasmodium (Havercroft & Gull, 1983) . However, a recent report has identified cytoplasmic microtubules in the plasmodium using immunofluorescence and immunogold electron microscopy 199 1) . In response to specific environmental conditions, the plasmodium develops a fruiting body, undergoes meiosis and produces haploid spores, which are then able to hatch and give rise to amoebae.
Here we describe the coding sequence and expression pattern of the altA a-tubulin gene of Physarum. The altA gene product probably corresponds to the amoebal a ltubulin isoform that was previously characterized (Singhofer-Wowra et al., 1986b; Walden et al., 1989~) . Relative to the other known Physarum tubulin genes, altA is unique in its broad and versatile pattern of expression. We show that, as with members of other multigene families of Physarum, the intra-specific and inter-specific divergence of the tubulins is correlated with the extent to which they are expressed throughout the life-cycle.
Methods
cDNA cloning. The construction and screening of two Physarum cDNA libraries, ML5 and ML6, are described by Paul et al. (1992) . The source of RNA for ML6 cDNA synthesis was strain LU352 (Dee et al., 1989) , grown axenically (McCullough et al., 1978) . ML5 was derived from total myxamoebal RNA, while ML6 was generated using poly(A) + RNA from a culture undergoing the amoeba-flagellate transition. Plaque lifts of the ML5 library were probed for a-tubulin sequences using the Physarum a-tubulin cDNA clone Ppc-a125 (Krammer et al., 1985) radiolabelled by nick-translation (Rigby et al., 1977) . Filters were washed in 1 x SSC (I50 mhi-sodium chloiidc. 15 mM-sodium citrate), 0.1 SDS at 55 "C. A single posiri\c. colon). designated lgt10a501, was plaque-purified and grown up for DNA isolation. Digestion of the recombinant phage DNA with i.:c.oKI revealed a 500 bp cDNA insert. Subsequently, this partial clone \\;I> used to screen the ML6 cDNA library. A recombinant phage carrying a 1450 bp EcoRI insert was identified and designated i g t 10x606. The insert was isolated and ligated into the EcoRI site of the plasmid vector pGEM-7Zf(+) (Promega) and the EcoRI site of the phage I'ector M 13mpl8.
Genomic DNA isolation. Nuclei from microplasmodia grown in shaking liquid culture (Turnock et a/., 1981) were isolated by the method of Mohberg & Rusch (1971) , and further purified by centrifugation through 25 '/o Percoll (Kunzler et al., 1984) . The nuclei were lysed and DNA was isolated according to Schedl & Dove (1982) . except that dialysis and caesium chloride density-gradient centrifugation were omitted.
Southern blotting. Physarum genomic DNA was isolated from haploid plasmodia arising from apogamic development of amoebal strains CLd (Cooke & Dee, 1975) and MA275 (Schedl ct d., 1984h) and the diploid strain CLd x MA275. The DNA was digested with a twenty-fold excess of EcoRV restriction endonuclease (New England Biolabs) under conditions suggested by the supplier. About 4 pg of diploid DNA or 2 pg of the haploid DNAs was loaded per well on a 0.8 % agarose gel and electrophoresed at 1 V cm-' for 40 h. The DNA was blotted and probed as described by Schedl ef 01. (1984h) . except that dextran sulphate was omitted from the prehybridization and hybridization solutions and each step was incubated at 65 "C. The probes were radiolabelled with [a-'*P]dCTP by random hexamer priming (Prime-a-Gene, Promega) to a specific activity of about 1 x 10" c.p.m. (pg DNA)-'. The a606 probe was made using the full-length 1450 bp cloned cDNA EcoRI fragment, while the ~606-3' probe was derived from a 120 bp XhoIIEcoRI fragment at the 3' end of the x606 clone. Filters were washed at 60 "C in either 1 x SSC, 0.1 " 10 SDS or 0.1 x SSC, 0.1 YO SDS as specified, with six changes of wash buffer over 2 h. After drying, the filters were exposed to X-ray film (XAR-5. Kodak) with intensifying screens (Lightning-Plus, DuPont).
In vitro transcription and translation. The 1450 bp a606 cDNA clone was subcloned into the EcoRI site of the plasmid vector pGEM-7Zf( + ) (Promega). The plasmid was linearized with Hind111 and transcripts were synthesized in vitro from the T7 promoter (Studier 22 MoRatt. 1986 ). About 300 ng of a606 transcript was translated iu vifro a s described (Paul et al., 1992) . A mixture of the radiolabelled product and unlabelled plasmodial lysate was resolved by two-dimensional PAGE and blotted onto a nitrocellulose membrane as described (Burland et al., 1988) . The blot was probed with a mixture of the antia-tubulin monoclonal antibody YL1/2 (Kilmartin et (!/., 1982) and the anti-p-tubulin antibody KMX-1 (Birkett et d., 1985h) . Antibody binding was visualized using horseradish-peroxidase-conjugated secondary antibodies. The blot was then exposed to X-ray film to determine the position of the radiolabelled a606 translation product relative to the immunostained plasmodial tubulins. An additional twodimensional Western blot was generated from 35S-labelled in vitro translation products of poly(A)+ RNA isolated from plasmodial G-3 phase. An immunoblot and autoradiogram of this blot were used as additional references in identifying the translation product of r606.
Sequencing. The 1450 bp a606 cDNA fragment was ligated in both orientations into the EcoRI site of the bacteriophage vector M I3mp 18 (New England Biolabs) and a series of deletion subclones of the cDNA insert in each orientation was generated as described by Dale c v ( I / . (1985) using the Cyclone deletion system (International Biotechnologies). The nucleotide sequences of the subclones were determined by the dideoxynucleotide chain termination method (Sanger ct Characterization of an a-tubulin gene in Phj~sur.um 139 (Schedl et al., 1984b) . The hibridization patter; of the a606 clone to polymorphic ECoRV restriction fragments length sequence of a606 using the computer program ALIGN (DNASTAR, Madison, Wisconsin) . The predicted amino acid sequence encoded bv the a606 cDNA clone was then determined using the -TRANSLATE program. Pairwise comparisons of the nucleotide and amino acid sequences of a606 to other known Physarzrm a-tubulin sequences were made using the ALIGN and AALIGN programs.
and flagellates as described by Burland et al. (1983) . Amoeba1 RNA was isolated by the single-step acid guanidinium thiocyanate/ phenol/chloroform (AGPC) extraction method (Chomczynski & Sacchi, 1987) from exponentially growing cells cultured axenically in of genomic DNA from Physarum is shown in Fig. 1 . The blot shown in panel (a) was hybridized to the full-length a606 cDNA clone and washed at moderate stringency (1.0 x SSC, 60 "C). All fifteen polymorphic bands that define the four a-tubulin loci are visible (Schedl ct d., high stringency (0.1 x SSC, 60 "C) and showed strong, Northern blotting. Total RNA was isolated from microplasmodia 1984b). By contrast, the in panel ( h ) was washed a t liquid medium. RNA samples were isolated from a single plasmodium at various times in the cell cycle by the AGPC method, with an additional lithium chloride precipitation step, as described by Puissant & Houdebine (1990) . In some samples (see figure legends) poly(A) tails were removed from mRNAs by the oligo-dT/RNAase H method (Mercer & Wake, 1985) . Glyoxylated RNA was electrophoresed, blotted and hybridized to probes labelled with [ c x -~~P I~C T P according to Schedl et al. (1984a) . Probes for altB transcripts were either the 930 bp SucI/BgflI fragment or the 250 bp SacI/AluI fragment of the Physurum cDNA clone Ppc-a125 (Schedl et al., 1984a) . Transcripts from the altA locus were detected using either the complete 1450 bp a606 cDNA clone or the 120 bp 3' XhoI/EcoRI fragment of a606. The 670 bp Physartirn cDNA clone, Ppc-16, was radiolabelled and added to the hybridization reactions to verify RNA loading and integrity (Schedl et al., 1984a) . All blots were washed for 2 h at 65 "C in 0.1 x SSC with six changes of wash buffer.
Induction of flagellate formation. Myxamoebae of the strain LU352 (Dee et al., 1989) were induced to form flagellates as described by Paul et ul. (1992) . Briefly, cells were grown axenically to a density of 0.4-1.0~ lo7 cells ml-' in a shaking culture of SDM (Cooke & Dee, 1975) . At thirty-minute intervals, the cells were pelleted and resuspended in increasingly dilute SDM. The percentage of flagellates within the population was monitored by phase contrast microscopy.
Results

Isolation of the a606 cDNA clone
Screening the amoebal cDNA library ML5 with the Physarum tubulin cDNA clone Ppc-a125 (Schedl et al., 1 9 8 4~) identified a single positive plaque. This clone included a 500 bp insert, designated a501, that hybridized preferen tially to polymorphic restriction fragments characteristic of the altA locus on Southern blots of Physarurzz genomic DNA (data not shown). In order to obtained a full-length cDNA from this locus, the a501 fragment was used to probe the amoebal/flagellate cDNA library ML6 (Paul et a/., 1992) , which includes size-selected cDNA inserts of greater than 1 kb. From among the positive plaques detected, one containing a 1450 bp cDNA insert, designated a606, was characterized further.
The a606 cDNA clone is derived from the altA locus
The locus encoding the a606 cDNA sequence was identified by Southern blotting. Previous analysis using restriction fragment length polymorphisms (RFLP) preferential hybridization to the altA bands (b, 1 and 0 ) . Cross-hybridization to several of the lzlt B bands was visible, though no hybridization to the crlK or ciltD loci was detected. Finally, a 120 bp fragment from the 3' end of the a606 clone was used to probe the blot in panel (c) . This probe is nearly locus-specific for altA. displaying only a trace of hybridization to the aliB bands h and i.
The a606 cDNA clone encodes an al-tuhulin
Evidence from sequencing of purified amoebal a-tubulin points to only one major a-tubulin isotype in this cell type (Singhofer-Wowra, 1986 b). However, since there may be as many as five a-tubulin genes in Phj~suruni, it is possible that minor a-tubulins may be expressed. The particular tubulin isotype encoded by a606 was identified by two-dimensional PAGE analysis of in vitro translation products of transcripts generated from an expression vector carrying the a606 clone. Unlabelled plasmodial cell lysate was mixed with the translation products so that both a-and P-tubulin could be detected by immunostaining in order to orient the autoradiogram (Paul ct iz/., 1992) . A portion of an autoradiogram of "S-labelled iri vitro translation products from plasmodial poly(A) + RNA is shown in Fig. 2(a) . Two a-tubulin and two ptubulin electrophoretic isotypes are visible in wellcharacterized positions (Burland ct a/., 1983) . Their identity was verified by probing with the anti-a-tubulin monoclonal antibody YL1/2 (Kilmartin ct al., 1982) and the anti-j?-tubulin antibody KMX-1 (Birkett et al., 1985b ) (data not shown). The position of the radiolabelled translation product of a606 transcripts is shown by the autoradiogram of the immunoblot in Fig. 2 
(h).
Arrows at corresponding positions of the tubulins detected by immunostaining indicate that a606 encodes an al-tubulin.
Nucleotide sequence of the a606 c D N A c'lorw
Both strands of the cloned 1450 bp EcoRI cDNA insert were sequenced from a series of deletion subclones in an M13 bacteriophage vector (Dale et af., 1985) . An open Fig. 1 . Southern blots of Physarum genomic DNA probed with the a606 cDNA clone. DNA from the diploid plasmodial strain CLdxMA275 includes 15 polymorphic EcoRV fragments (a-o) that hybridize to rx-tubulin sequences (Schedl et al., 19846) . These bands are more clearly distinguished in the haploid amoebal strains CLd and MA275, which were crossed to generate the heterozygous. diploid plasmodia1 strain. Each band can be assigned to one of four unlinked a-tubulin loci, aftA to aZtD, as follows: Here the probe shows a strong preferential hybridization to the altA bands. (c) Autoradiogram of a replicate blot probed with the 120 bp EcoRIIXhoI restriction fragment from the 3' end of a606, and washed at high stringency. Since band o represents the 5' region of the altAl allele, it cannot be detected by this probe. Relatively weak hybridization to the altB bands, h and i, is visible.
reading frame of 1353 bp, including the start and stop codons, was found to share about 82% nucleotide sequence identity with two other a-tubulin genes of Physarum. Fig. 3 displays the complete coding sequence of a606, compared to the coding regions of two closely related a-tubulin genes from the altB locus, the Eatubulin gene and the Na-tubulin gene (Monteiro & Cox, 1987; Walden et al., 1989b) , here designated altB(E) and altB(N). Only positions of nonidentity to altA are given for the altB genes. Nucleotide substitutions are scattered throughout the 450 codons of sequence, with roughly 200 out of 240 being silent substitutions in each case. The a606 clone includes a short tract of 5' untranslated sequence. Since the transcriptional start site of altA has not been mapped, it is not known if this region corresponds to the full-length transcript. Previous Northern blot analysis of deadenylated amoebal atubulin transcripts found a single size species of approximately 1490 bases (Green, 1987) , suggesting that the 1450 bp a606 clone is not complete in the non-coding regions. The 3' untranslated region consists of 71 nucleotides, including a short poly(A) tract.
A putative polyadenylation signal, similar to known functional sequences in other organisms (Manley, 1988) , is the underlined TATAAA sequence found 13 nucleotides upstream from the beginning of the poly(A) tract. The same sequence is found at this distance from the poly(A) tract in several other Physarum genes, most notably the two profilin genes, proA and p r o p (Binette et a/., 1990) . However, it is found in neither altB(E) nor ultB(N) (Monteiro & Cox, 1987; Walden et al., 1989b) , both of which are known to generate polyadenylated transcripts (Green & Dove, 1988) , nor in a number of other cDNA clones from Physarum (D. Pallotta, personal communication).
Amino acid sequence of a1 A-tubulin
The amino acid sequence of the altA gene product, designated a l A in reference to its electrophoretic isotype (al) and the locus from which it arises (&A), was inferred from the nucleotide sequence of a606 The altA sequence is consistent with the published partial amino acid sequence of amoebal a-tubulin, and identifies the 20 amino acid residues that complete the sequence (Singhofer-Wowra et al., 1986b) . A comparison of a l A and the two other known Physarum a-tubulins, a 1 B and x2B. is shown in Fig. 4 . The a l A sequence is approximately 92% identical to both alB and a2B. The greatest divergence is evident among the 12 amino acids at the carboxyl terminus, as is typical of both a-and P-tubulins in general (Sullivan, 1988) . Listed below the PiijTscwtrrir sequences are a-tubulin sequences from a variety of other organisms, highlighting the divergent carboxy-terminal domain juxtaposed to a region of extraordinary evolutionary conservation (residues 39 1435).
The percent identity among a-tubulins within Ph-i.- 
and plasmodial R N A
Northern blot analysis of total RNA from three Physarum cell types -amoeba, flagellate and plasmodium -indicated that altA transcripts are present at different levels in each (Fig. 5) . Prior to electrophoresis, all of the RNA samples were incubated with oligo d(T) and subsequently digested with RNAase H to remove the poly(A) tails from mRNA (Mercer & Wake, 1985) . This treatment reduces size heterogeneity due to variable poly(A) tail length that may exist within a single species of tubulin transcript in Physarum plasmodia (Green & Dove, 1988) .
The blot shown in panel (a) was probed with the 120 bp 3' fragment of the a606 cDNA clone and washed at high stringency to detect altA transcripts. Both the amoebal lane (am) and the flagellate lane (fl) showed relatively strong hybridization with this probe. These bands do not represent cross-hybridization to altB( E ) or n l t B ( N ) transcripts, since the expression of these genes is plasmodium-specific (Green et al., 1987; Walden et ul., 1989~) . Furthermore, it is unlikely that the signal is attributable to altC or altD transcripts, since the a606 cDNA probe failed to cross-hybridize with the aItC and altD loci at this stringency of washing on Southern blots. Thus, while we cannot absolutely rule out the possibility of cross-hybridization, the signal is likely to represent only altA transcripts.
While the signal in the flagellate lane was approx- 
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imately twice as strong as the amoebal signal, the flagellate lane was loaded with only one third the amount of RNA of the amoebal lane. From this, we conclude that the steady state level of altA message is about six times higher in flagellate RNA than in amoebal RNA. In contrast, the signal seen in the plasmodial lane (pl) was about five-fold less intense than that in the amoebal sample. Does the signal seen in the plasmodial lane in panel (a) represent cross-hybridization to altB transcripts? Indeed, the ultA probe showed a small amount of crosshybridization to the altB locus on Southern blots under similar conditions of washing (Fig. 1 c) , and it is known that altB transcripts are relatively abundant in plasmodial RNA. Fig. 5(b) shows a duplicate blot generated from aliquots of the RNA samples used in panel (a), but probed with a125, a partial cDNA clone encoded by the altB locus (Schedl et al., 1984~) . Consistent with previous data, no signal was detected in the amoebal or flagellate lanes, even on long exposures of the blot (not shown). As expected, the plasmodial lane showed a relatively strong signal. However, this band had a slightly lower electrophoretic mobility than the bands detected by the altA probe. This difference is demonstrated more clearly in (c), where a third blot was probed with both a606-3' and a125. Here, the prominent band detected in the plasmodial lane had lower electrophoretic mobility than the bands seen in the amoebal and flagellate lanes. This pattern is distinct from that seen in panel (a), where the RNA detected in all three lanes exhibits the same mobility. We conclude that the small amount of signal detected in plasmodial RNA by the altA probe is not due to cross-hybridization to altB transcripts, but rather to the presence of altA transcripts at relatively low abundance.
The level of altA message changes during flagellate induction
Northern blot analysis of total RNA from cells in transition from amoebae to flagellates revealed a substantial increase in the level of altA message over the first two hours of flagellate induction, during which approximately 20 YO of the cells had become flagellates (Fig. 6) . The level of altA message then dropped over the following two hours of induction, even as the percentage of flagellates continued to rise to a maximum of about 90% of the population. The peak level of message detected at 120 rnin of induction was approximately 14-fold greater than that seen in the 0 min sample, and about 3-fold higher than seen at 240 min. Duplicate blots were probed with an actin cDNA and the cDNA clone Ppc-16 (Schedl et al., 1 9 8 4~)~ to verify the integrity of the RNA and the uniform loading of the six samples (data not shown). The signal obtained with the Ppc-16 probe varied by less than two-fold among the six timepoint samples, while the actin signal showed a slight decrease over the time course of induction, in agreement with previous experiments (Green & Dove, 1984) .
The level of altA message changes over thci pl~wiodinl cell cycle
A series of RNA samples isolated from a single plasmodium over a portion of the naturally synchronous cell cycle was analysed by Northern blotting (Fig. 7) . Duplicate blots were prepared in order to compare the expression pattern of altA with the two altB genes. Both blots were probed with Ppc-16, which detects an 850 bp transcript at a relatively constant level throughout the cell cycle and life cycle (Schedl et al., 1984~) . The autoradiogram shown in Fig. 7(a) is a two-day exposure of a blot that was also probed with a 250 bp SacI/AlitI fragment of the altB cDNA a125, presumably detecting transcripts from both altB(E) and a l t B ( N ) . The altB signal was relatively weak in mid-G2 phase (-240 rnin), but increased substantially over the last three hours of G2, peaking at metaphase (Omin). At 30 rnin postmetaphase, the signal had dropped to about half the peak level, and by 90 rnin after metaphase, no altB signal was detected. This pattern is in agreement with previous studies (Schedl et al., 1 9 8 4~; Green & Dove, 1988) . The slight change in mobility of the altB transcripts between the metaphase sample and the + 30 min sample is due to the shortening of the poly(A) tail of both a-and ptubulin messages immediately following metaphase in the plasmodium (Green, 1987; Green & Dove, 1988) . A flagellate RNA sample included on the blot showed no hybridization to the aZtB probe, as expected.
A duplicate blot was probed for altA expression, using the 120 bp XhoIIEcoRI fragment of a606 (Fig. 7h) . A pattern of cell cycle modulation similar to that of the altB genes was observed, with the highest level of message detected in late G2 and mitosis, and little or no signal observed in late S-phase and early G2. The overall level of detectable altA message was substantially lower than that of the altB genes, as indicated by the seven-fold Fig. 3 . Nucleotide sequence alignment of the coding regions from three or-tubulin genes in Physarurn. Only positions of non-identity with altA (1x606) are shown for altB(N) (Walden et al., 19893) and altB(E) (Monteiro &Cox, 1987) . The inferred 5' and 3' untranslated regions of altA are included at the bottom of the figure. A putative polyadenylation signal is underlined in the 3' untranslated sequence. 
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acid sequences of a-tubulin from Physarum and other organisrirs
Figures are percentage identity between the two sequences. For abbreviations and source references see Fig. 4 legend, except for Scl and Sc3, a l -and cr3-tubulins of S. cerevisiae (Schatz et al., 1986) . Figs 7 a and b) . It should be noted that the different levels of signal seen between the altB and altA blots can be attributed in part to the larger size of the altB probe relative to the altA probe. The strong altA signal seen in the flagellate sample indicated that the a606 probe was able to detect abundant message levels under the hybridization and wash conditions used. Fig. 7 . Northern blot analysis of total RNA isolated from a single plasmodium at various times in the cell-cycle. The numbers over the lanes indicate the time in min relative to metaphase (0) that each sample was collected. Approximately 6 pg RNA was loaded onto each lane. Lane FI on each blot was loaded with 3 pg flagellate RNA. Both blots were probed with the cDNA clone Ppc-16, which recognizes an 850 bp constitutive transcript, to gauge the loading and integrity of each RNA sample. The blot in (a) was additionally probed with the 250 bp Secl/AfuI fragment of a125 to detect transcripts of the aftB genes. A two-day exposure at -80 "C is shown. The blot in (6) was probed with the 120 bp 3' XhI/EcoRI fragment of a606 in order to detect aZtA transcripts. A two-week exposure at -80 "C is shown.
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Discussion
Developmental expression pattern of altA Analysis of the sequence and expression pattern of the altA locus using the a606 cDNA clone confirmed several previous observations concerning the a-tubulin family of Physarurn. First, the altA gene product, a1 A-tubulin, is expressed in both the amoeba and the plasmodium. Walden et al. (1989 a) tested the epitope requirements of two anti-a-tubulin monoclonal antibodies, 6-1 1 B-1 (Piperno & Fuller, 1985) and KMP-1 (Birkett et al., 1985a) on Physarurn proteins. It was found that both antibodies recognize an epitope that includes lysine 40 (Lys4'). Recognition by 6-1 1B-1 requires acetylated Lys4', while KMP-1 requires unacetylated Lys'" as well as a tyrosine at position 44. Because KMP-1 detects atubulin in amoebae and plasmodia, and neither of the plasmodium-specific a-tubulin genes encodes Tyr" (Monteiro & Cox, 1987; Walden et al., 1989~i) it was proposed that the cxl-tubulin isotype detected in the amoeba, which is known to include both Lys4" and T y P (Singhofer-Wowra et al., 1986b) , is also found at reduced levels in the plasmodium. It is not possible to exclude the possibility that the altC and/or altD loci give rise to gene products in the plasmodium that are recognized by KMP-1. However, the Northern blot data reported here (Fig. 5 ) indicate that the altA gene is transcribed in amoebae and plasmodia. We infer that the a 1 -tubulin previously detected by the KMP-1 antibody in amoebae and plasmodia (Walden et al., 1989a) is the product of the altA gene.
The detection of altA expression in the plasmodium corroborates previous studies that revealed multiple xtubulin isotypes present in this cell type (Burland et a/., 1983; Birkett et al., 1985b) . Green et al. (1987) proposed that at least one plasmodium-specific a1 -tubulin, designated alB, arises from a pair of closely related and tightly linked genes constituting the altB locus. This is confirmed and extended by Walden et a/. (1989a) , using monoclonal antibodies specific for each of the a-tubulins encoded by the altB(E) and altB(N) genes. They demonstrate that one of these, Ea-tubulin, is a plasmodium-specific a2-tubulin, while Na-tubulin is a plasmodium-specific al-tubulin. We refer to these tubulins as a2B and alB, respectively, in reference to the original descriptions of electrophoretic isotypes (Burland et al., 1983) and genetic loci (Schedl et al., 1984b) . Hence, at least three a-tubulin genes are expressed in the plasmodium. In contrast, altA is the only known a-tubulin gene expressed in the amoeba.
From existing data, it is not clear whether a l A participates in all plasmodial microtubules or a subpopulation. Plasmodia1 mitotic spindles are stained by the monoclonal antibody KMP-1 (Birkett et a/., 1985a; Solnica-Krezel et al., 1991) , which is probably specific for alA, as discussed above. That alA participates in the plasmodial mitotic spindle is also implied by the cell cycle modulation in altA transcript level, which was found to peak at mitosis in the plasmodium (Fig. 7b) . However, the single description of plasmodial cytoplasmic microtubules to date (Salles-Pasador et al., 1991) employed mainly YL1/2, an antibody which detects both a l -and P2-tubulin (Birkett et al., 1985 a) . An integrated analysis of plasmodial microtubules, using the two specific anti-atubulin antibodies raised by Walden et al. (1989a) along with KMP-1 (Birkett et al., 1985a, b) may reveal whether the three known plasmodial a-tubulin isotypes are segregated among specific subpopulations of microtubules. No such segregation has been detected for the two P-tubulins, PlB and P2, that are coexpressed in the plasmodium (Diggins-Gilicinski et al., 1989 ; .
Possible acetylation of a1 A-tubulin
Post-translational modification of amoebal a1 -tubulin produces the a3-tubulin isotype found in both amoebae and flagellates (Green & Dove, 1984) . Recognition of a3-tubulin by the 6-1 1 B-1 monoclonal antibody indicates that Lys4' is acetylated (Piperno & Fuller, 1985) . Twodimensional gel electrophoresis of protein labelled in vivo reveals that the level of a3-tubulin detected in flagellates is perhaps ten-fold higher than in amoebae. At the same time, al-tubulin shows a more modest increase of about two-fold (Green & Dove, 1984) . This result is borne out by indirect immunofluorescence of fixed cells stained with the 6-1 1B-1 antibody. In amoebae, a3-tubulin is found localized solely to the microtubule organizing centre (MTOC). Flagellates, by contrast, exhibit a3-tubulin in all microtubular structures detected, including the flagellar axonemes, basal bodies and flagellar cone (Diggins & Dove, 1987; Sasse et al., 1987) . Since a3-tubulin arises by modification of al-tubulin, a substantial increase in a 1-tubulin synthesis must accompany flagellate induction. The 14-fold increase in the level of aZtA message detected by Northern blots during flagellate induction (Fig. 6 ) leads us to conclude that the altA gene product, a1 A-tubulin, is probably the substrate for the acetylation that produces a3-tubulin.
No acetylated a-tubulin is detected in the plasmodium (Diggins & Dove, 1987; Sasse et aZ., 1987) , despite the fact that all three a-tubulins known to be present in the plasmodium possess a Lys40 residue that can be acetylated in vitro (Walden et al., 1989a) . As expected, none of the microtubular structures that include acetylated atubulin in amoebae and flagellates is present in the plasmodium. The cellular and subcellular localization of acetylated a-tubulin in Physarum tempts one to speculate that this isoform has a specific function. However, the cellular distribution of acetylated a-tubulin among various microtubular arrays exhibits such diversity among organisms that its possible functional significance remains unclear (Sullivan, 1988) .
Induction of altA expression during flagellate development
The sharp increase in altA message seen during the amoeba-flagellate transition (Fig. 6 ) is accompanied by a coordinate induction of a specific j3-tubulin message (Paul et al., 1992) . Two P-tubulin genes, betA and k t B , are expressed in amoebae (Burland et al., 1984) . During flagellate induction, however, only betA message shows an increased abundance (Paul et al., 1992) . Remarkably, the magnitude of betA induction is much greater than altA induction over the same time course: while altA message increased by about 14-fold from its steady-state level in amoebae (Fig. 6) , betA message increases at least 100-fold (Paul et al., 1992) . Since a-and P-tubulin bind to each other with 1 : l stoichiometry to form heterodimers, one might expect parallel induction of these genes during flagellate formation. However, the steadystate level of betA message in the amoeba appears to be much lower than that of altA message. Prior to flagellate induction, betA message is virtually undetectable in amoebal RNA, while altA and betB messages are relatively abundant. Since the basal levels of altA and betA message are unequal, the different magnitudes of induction may result in an equivalent amount of each message at their peak levels.
Cell cycle modulation of altA message levels
Changes in the levels of both a-and P-tubulin mRNA over the plasmodial cell cycle are well-characterized (Schedl et al., 1984a; Green & Dove, 1988) . We have found that while aZtA message constitutes only a small fraction of the total a-tubulin message in the plasmodium, its level rises to a peak at metaphase and subsequently falls below the level of detection roughly in parallel to altB mRNA (Fig. 7) . In addition to its lower level of expression, aZtA appears to differ from the altB genes in two ways. First, there appears not to be as great a change in size of the altA transcripts as there is in the altB transcripts between the metaphase sample (0 min) and the + 30 min sample. Second, the decrease in ultA transcript level between the 0 min and 30 min samples is not as great as the decrease in altB level. These differences may be related, as it has been shown that the change in poly(A) tail length of the altB messages before and after metaphase is correlated with a change in their half-life (Green & Dove, 1988) . Short-term labelling of RNA in vivo indicates that changes in both the transcription rate and the half-life of altB messages contribute to their observed modulation in level over the cell cycle (Green, 1987; Green & Dove, 1988) .
Divergence of Physarum tubulins
A comparison of nucleotide and amino acid sequence identity among several Physarum gene families is shown in Table 2 . Among the three a-tubulin genes, the altB( N ) and aZtB(E) genes are more similar to each other than to aZtA. Since the two aZtB genes are expressed exclusively (Monteiro & Cox, 1987) , altB(N) (Walden et al., 1989b) , betA and betB (Paul et al., 1992) , betC (Burland et al., 1988) , ardA, ardB and ardC (Hamelin et al., 1988) , ardD (Adam et al., 1991) , proA and prop (Binette et al., 1990 in the plasmodium, one might ask whether divergence of their sequences is constrained by a plasmodium-specific function. In fact, the percentage of non-synonymous substitutions among the three a-tubulin genes appears to be essentially the same. The altB(E) and altB(N) genes differ from each other by 81 nucleotide substitutions out of a 1347 bp coding region. These result in 15 amino acid substitutions out of 449 residues in each polypeptide (Walden et al., 1989b) . Thus, about 19% of the nucleotide substitutions are non-synonymous. The altB(E) and altB(N) genes each differ from altA by about 240 nucleotide substitutions. From these arise about 40 amino acid substitutions, giving a nonsynonymous substitution rate of 16 YO. We hypothesize that the greater similarity between the altB(E) and altB(N) genes is due to their emergence from a more recent gene duplication than that which gave rise to aEtA and the progenitor altB gene. If, instead, the two altB gene products were being constrained by selection for a plasmodium-specific function, we might expect to observe a lower percentage of non-synonymous substitutions relative to each other than to altA. Since all three genes are apparently diverging from each other at about the same rate, we have no evidence that the plasmodium-specific altB genes are functionally specialized or limited. The P-tubulin genes of Physarum present a clear example of differential conservation of sequence within a tubulin gene family. A single amino acid substitution arising from among ninety nucleotide substitutions between the betA gene and the known betB sequence (Paul et al., 1992) indicates a dramatically lower tolerance of non-synonymous substitutions than that seen among the a-tubulin genes. Interestingly, the percentage of non-synonymous substitutions between the plasmodium-specific betC gene and the hetA and betB genes is similar to that of the plasmodium-specific altB(E) and aZtB(N) a-tubulin genes. About 20 '/O of the nucleotide substitutions between betA and betC result in amino acid substitutions. It has been proposed that the greater divergence of the plasmodium-specific hetC gene product, P2-tubulin7 may be a consequence of increased neutral drift permitted by the relatively limited set of microtubular structures in the plasmodium (SinghoferWowra et al., 1986a; Burland et al., 1988) . Likewise, the betA and betB gene products, P1A-and plB-tubulin, are highly conserved relative to each other and to P-tubulins of other species because they both apparently participate in a number of microtubular structures. Similar relationships are seen among the a-tubulins, as previously described by Singhofer-Wowra et al. (1986 b) . The more widely expressed a1 A-tubulin shows greater interspecies conservation than the two plasmodium-specific a-tubulins, a l B and a2B (Table 1) .
Divergence of other Physarum multigene jamilies
The Physarum actin and profilin gene families show a broader range of non-synonymous substitution rates than the tubulins. While the nucleotide sequences among the ardA, ardB and ardC genes have drifted by as much as 77 nucleotide substitutions, the actins they encode are identical (Hamelin et al., 1988) . However, the ardD gene seems not to be subject to the same conservative selective pressure as acts on ardA, ardB and ardC, as its amino acid sequence has diverged substantially. The urdD and ardC genes differ by 182 nucleotide substitutions, resulting in 59 amino acid changes (Adam et al., 1991) . Expression of ardD transcripts is limited to plasmodia and developing spherules, a dormant phase of plasmodia, with no expression detected in amoebae (Adam et al., 1991) . The profilin genes, proA and prop, are the most highly diverged Physarum gene family, with only 60 O/O nucleotide sequence identity and 66 O/O amino acid sequence identity (Binette et al., 1990) . The 151 nucleotide differences between them result in 42 amino acid substitutions. The expression of both genes is cell-typespecific, with proA expressed in the amoeba and p r o p expressed in the plasmodium (Binette et al., 1990) .
This survey of several Physarum gene families reveals a correlation between the relative divergence of an individual protein within a family and its developmental expression pattern. Those proteins with the most restricted expression pattern also show the greatest Characterization of an a-tubulin gene in Phj*snrum I49 intraspecific and interspecific rate of amino acid sequence divergence (for further discussion see Little, 1985 ; Burland et al., 1988; Silflow, 1991) . A similar trend is seen among tubulins from a variety of organisms, including the a-tubulins of the fruit fly (Theurkauf et al., 1986) , chicken (Pratt et al., 1987) and mouse (Hecht et al., 1988) . Discussions of tubulin multigene families have focused primarily on the relative contributions of functional specificity and/or regulatory diversity in the evolutionary maintenance of these genes (Little & Seehaus, 1988; Sullivan, 1988 ; Murphy, 1991) . Indeed, evidence consistent with both views continues to accumulate. Here, we would like to emphasize the third selective advantage offered by multigene families. That is, the functional significance of some members of multigene families may be primarily quantitative. In Naegleria, the three known a-tubulin genes encode identical proteins and are coordinately induced during flagellate formation (Lai et al., 1988) . Similarly, the two isocoding P-tubulin genes of Chlamydomonas are regulated coordinately during flagellar regeneration (Youngblom et al., 1984) . The mouse testis-specific a-tubulin genes, Ma3 and Ma7, are isocoding, with 43 silent nucleotide substitutions between their coding sequences and extensive divergence in their noncoding regions (Villasante et al., 1986) . In Physarum, the isocoding actin genes, ardB and ardC, show parallel modulation of expression throughout the life-cycle (Hamelin et al., 1988) .
How can genes that appear to be fully redundant with regard to amino acid sequence and expression pattern be maintained evolutionarily? Multiple gene copies may allow for more rapid production of abundant structural proteins such as tubulin and actin when they are required during proliferation, development and in response to stress. Given that some tubulin gene families are able to maintain isocoding genes with indistinguishable patterns of expression, it is plausible that a gene whose coding sequence has in fact drifted from its sibling genes is not functionally specialized, yet its presence in the genome provides a quantitative advantage to the organism. That tubulin gene copy number may be biologically significant is illustrated by elegant genetic analysis of the testisspecific P2-tubulin gene of Drosophila. Male flies that carry only a single wild-type copy of this gene (p2+/p2nu11) exhibit decreased fecundity relative to males carrying two normal gene copies (Hoyle & Raff, 1990) . By contrast, reducing the level of P-tubulin in S. cerevisiae by more than 50% has no discernible effect on the growth and viability of these cells under laboratory conditions (Katz et al., 1990) .
